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Similarities and differences between nonhomologous proteins
with similar folds: evaluation of threading strategies
Baohong Zhang1, Lukasz Jaroszewski2, Leszek Rychlewski1
and Adam Godzik1
Background: There are many pairs and groups of proteins with similar folds
and interaction patterns, but whose sequence similarity is below the threshold
of easily recognizable sequence homology. The existence of multiple sequence
solutions for a given fold has inspired fold prediction methods in which
structural information from one protein is used to estimate the energy of
another, putatively similar, structure. 
Results: A set of 68 pairs of proteins with similar folds and sequence identity in
the 8–30% range is identified from the literature. For each pair, the energy of
one protein, calculated using knowledge-based statistical potentials, is
compared to the estimated energy, calculated with the same potentials but
using the structural information (burial status and interaction pattern) of another
protein with the same fold. Different energy estimates, corresponding to
approximations used in various fold recognition algorithms, are calculated and
compared to each other, as well as to the correct energy. It is shown that the
local energy terms, based on burial and secondary structure preferences, can
be reliably estimated with an accuracy close to 70%. At the same time, the 
two-body nonlocal energy loses over 60% of its value due to the repacking of
the structure. Further approximations, such as the ‘frozen approximation’, can
bring it to an essentially random value.
Conclusions: Local energy terms could be used safely to improve fold
recognition algorithms. To utilize pair interaction information, specially
designed pair potentials and/or a self-consistent description of pair interactions
is necessary.
Introduction
Most of what we know about the relationship between the
protein sequence and its structure could be summed up in
the remarkably simple but far-reaching observation that
proteins with similar sequences fold to similar structures [1]
and usually have the same or similar function. From analy-
ses of homologous proteins, we know that the exact identity
of amino acids is not crucial for maintaining the overall fold
of a protein, nor (apart from residues in the active site) its
function. In recent years, many examples of structurally
similar proteins with undetectable sequence similarities
have been identified, aided by the rapid pace of protein
structure determination and progress in protein structure
analysis. Therefore, the rule ‘similar sequence – similar
fold – similar function’ clearly works only one way, as there
seem to be multiple sequence solutions for most protein
topologies. Nonrandom sequence similarity between pairs
or groups of proteins has become de facto synonymous with
the existence of the evolutionary link between them, i.e.
their homology. Structural similarity doesn’t have such a
simple interpretation, and both divergent and convergent
evolution are invoked to explain the existence of multiple
sequence families with similar folds. However, the funda-
mental issue of how different sequences stabilize similar
folds remains the same, and pairs of proteins with similar
global structures and no recognizable sequence similarity
provide ideal test cases to study it.
The existence of pairs and groups of such proteins
inspired threading, a new approach to protein structure
prediction [2–15]. In threading calculations, the compati-
bility of various sequence–fold pairs, where a sequence is
taken from a protein whose structure is not known (the
target) and the fold description is taken from a protein of
known structure (the template), is assessed by calculating
the energy of such a hypothetical sequence–structure pair.
The hope is that if the fold of the template actually
resembles that of the target, the calculated energy would
be lower that if it does not.
Using structural information from one protein to estimate
the energy of another faces many problems. First, align-
ment between any proteins is likely to involve insertions
and deletions in both sequences. There is no structural
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information on the fragments of the target that are
aligned with gaps in the template and, therefore, their
energy cannot be estimated. This is usually accounted for
by introducing gap penalties, which is an obvious over-
simplification since interaction in such areas can actually
stabilize the structure. Second, the structures of two pro-
teins with the same fold can still differ in many details.
For instance, backbones can be shifted up to 3–4 Å in root
mean square deviation (RMSD) after optimal superposi-
tion between equivalent residues from the hydrophobic
cores of both proteins [16]. Shifts in backbones would, in
turn, lead to differences in the packing of residues in the
core between the two structures, and thus to a different
interaction pattern. These are natural limitations that are
present as long as the experimental structure is not
known. In principle, comparative modeling can be used
to build models of target structure with the repacked
protein interior and detailed structure of the missing frag-
ments. Unfortunately, at present, comparative modeling
is very time consuming and not particularly accurate.
Therefore, apart from not being practical for computa-
tional reasons, the application of comparative modeling to
address the shortcomings of threading is likely to intro-
duce errors of its own. 
Besides the methodological problems discussed above, to
reduce the computational requirements of the
sequence–structure alignment, most threading algorithms
make additional approximations to the energy calculations
and thus introduce additional errors. For instance, to use
efficient alignment algorithms, such as dynamic program-
ming, the scoring function must be local, i.e. cannot
depend on the alignment at other positions. Two-body
(and higher-order) energy terms that describe interactions
with residues close in space but distant along the
sequence are inherently nonlocal [5]. To solve this
problem, the frozen approximation, in which not only
interaction patterns but also interaction partners are read
from the template structure, was introduced [5]. The
interaction partners are then iteratively updated to achieve
consistency [5]. Similar solutions have been adopted by
some groups [10,17], while others bypassed this problem
by using Monte Carlo [7], branch and bound [11] or
double dynamic programming [4] alignment techniques,
paying a stiff penalty in increased computational time.
A priori, it is difficult to estimate the magnitude and impor-
tance of various sources of errors. At the same time, it is
crucial to identify strategies to improve fold prediction
algorithms. In the literature, there is considerable confu-
sion concerning the extent of structural similarity between
proteins with similar folds. For instance, it has been
claimed that proteins with similar folds and unrelated
sequences can be stabilized by completely different sets of
interactions [18,19]. If this is true, it would cast serious
doubts on the threading approach to structure prediction
because known protein structures would provide little
useful information about other proteins with the same fold.
In this work, we address the issue of similarities and dif-
ferences between proteins with similar structures from the
point of view of interactions stabilizing them. For every
protein structure, its self-threading energy, calculated
using its own sequence and structure without gaps in the
sequence–structure alignments, represents the ‘standard
of truth’ within the current energy function and energy
parameters. In threading-based fold prediction, the struc-
ture of the protein of interest is unknown, since it is a pre-
diction target. Instead, we attempt to estimate this energy
using structural information from the template — the
protein with a similar fold and known structure. For each
pair, various approximations to this energy can be calcu-
lated by using the alignment of both proteins. In this
work, we have used the correct structural alignments
between target–template pairs, thus neglecting yet
another source of error — wrong alignments. Therefore,
all the values discussed here represent a ‘thought experi-
ment’ that is designed to understand the importance of
various approximations in the best-case scenario.
For a representative set of protein pairs with similar folds
and little or no similarity between their sequences, align-
ments are prepared and used to ‘project’ the structural
information from the template to the target protein. This,
in turn, is used to estimate the energy of the target, using
approximations designed to reproduce forms and flavors of
various threading algorithms. The list of the various
approximations is presented at the beginning of the
Results section, followed by their detailed comparison on
the database of structurally aligned protein pairs. Several
examples are discussed in detail and the importance of the
results for future improvements of threading algorithms is
presented in the Discussion. All details of the database
preparation and specifics of the calculations are presented
in the Materials and methods section.
Results
The set of structurally similar protein pairs
A set of structurally similar protein pairs, together with the
structural alignments between them, was prepared as
described in the Materials and methods section. Proteins
in this set have sequence similarity in the 8–30% range
and are rather evenly divided between obviously homolo-
gous and not obviously homologous (NOH) pairs. Homol-
ogy versus nonhomology is not easy to decide, so we have
adopted the above-mentioned distinction. Obviously
homologous proteins included proteins with identical or
similar (as judged by the E.C. classification for enzymes or
a simplified description from Medline abstracts for other
proteins) functions or sequence similarity that can be
identified in a BLAST search. All other protein pairs were
classified into the NOH category. One of the proteins in
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each pair was chosen to represent a target, the other a tem-
plate. Since the structure of both proteins was known in
each case, the choice was made at random.
Several types of structural alignments between each
protein pair were prepared. For proteins as distant as the
ones studied in this paper, it was expected that different
structure similarity measures would lead to different align-
ments [20]. Alignments obtained with the contact overlap
structural similarity measure are used as a standard
throughout this work; other alignments, if used, are explic-
itly identified. The core of each structure was defined as a
region where, after optimal superposition, the distance
between any two equivalent Cα atoms is less than 3 Å.
Subsequently, alignments between core elements are dis-
cussed separately in some analyses. The detailed analysis
of various structural alignments and the differences
between them will be published elsewhere (B Zhang,
unpublished data).
Similarities in local structure
Although the sequence identities of the protein pairs in
the set studied here are low, both proteins in each pair
have the same fold; therefore, it is not surprising that they
share many structural features. According to the structural
alignments, the burial pattern is, on average, conserved at
67% of positions in the whole alignment and 79% in the
core regions. Also, the secondary structure, as measured by
a three-state classification based on the DSSP [21] defini-
tion of helix and extended states, is 68% conserved within
the whole alignments and 84% within the core regions.
This number varied little between the structural align-
ments obtained using different methods and did not
depend on the level of sequence similarity. For instance,
the burial pattern (secondary structure) conservation for
the group of obviously homologous proteins was 69%
(70%) — about two percentage points more than for the
remaining group of proteins. This can be compared to
~ 50% overlap of burial and ~ 40% of secondary structure
for the random alignment between two unrelated proteins. 
An example of a structural alignment with aligned burial
pattern and secondary structure of both proteins is shown
in Figure 1. Two local energy terms used in most threading
algorithms are based on the burial status (buried or
exposed) and secondary structure (helix, extended or coil),
respectively, of each position along the sequence. Both can
be calculated using the target’s own pattern (the correct
value) or the template’s own pattern according to the struc-
tural alignment (the approximate value). Using the align-
ment, we can compare these two values.
Results of the burial energy calculations are presented in
Figure 2; results for the secondary structure based energy
were virtually identical (data not shown). For most pairs,
the template burial pattern gives a reasonable hydropho-
bic energy, thus providing an acceptable estimate of the
target burial pattern. From 12 cases in which the target
sequence energy in the template burial pattern is positive,
four represent proteins that have negligible burial energy
in their own structure — mostly virus coat proteins and
membrane proteins (for instance, the proteins in pair 24,
with an average burial energy per residue of 0.2 energy
units (e.u.), are porins — extremely hydrophobic pore-
forming membrane proteins). For eight proteins out of 68,
the energy error introduced by using a template burial
pattern alone led to a failure to recognize the correct tem-
plate, but there is no clear difference between homolo-
gous and nonhomologous proteins in this respect.
For four pairs, the energy based on the template burial
pattern is actually lower than in the target’s own structure.
Such a situation is possible, for instance, if the target
protein has extensive hydrophobic patches on the surface
which in the template protein are buried by additional
structural elements. For all four pairs that display such a
reversal in Figure 2, the template structure has additional
elements of secondary structure as compared to the target.
The opposite effect might be possible for unusually large
differences in burial energy for some protein pairs and,
indeed, for two pairs with the biggest difference, the
target structure is much larger than the template structure.
Approximations and simplifications used in threading
calculations
As mentioned in the Introduction, the situation with
two-body (and higher-order) interactions is more compli-
cated than that of the local features, such as burial and
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Figure 1
An example of a structural alignment between
two proteins. Secondary structure (SST) and
a burial/exposed pattern (BEP) for both
proteins are shown above and below the
sequences. Helices, strands and coils are
represented by the letters H, E and C,
respectively. Positions buried in the core or
exposed to the solvent are represented by 1
and 0, respectively.
BEP      : 010000101001000011111100000101110010  010101110
SST      : CCCCCCEECCCCCCEEEEEEEECCCEEEEEECCCCC  CCEEEEEEE

Template : PLGEAALKGPMMKKEQAYSLTFTEAGTYDYHJTPHP--EFMRGKVVV
Target   : GAEK--FKSKINE---NYVLTVTQPGAYLVKJTPHYAMGMIALIAVG 

SST      : CCCC  CCCCCCC   CEEEECCCCEEEEEECCCCHHHHCEEEEEEE
BEP      : 0100  1010000   0101010001111111001100111111110
secondary structure. Several levels of approximation to
estimate the target energy are possible. Figure 3 illus-
trates the following discussion and introduces the
nomenclature. It shows a fragment of the structural align-
ment between two fictitious proteins and a schematic
description of some interactions within both structures.
The energy for each position from the target protein was
calculated according to equation 1 (see Materials and
methods) using the different approximations described
below. The correct energy of the target protein within its
own structure is a reference point, used for comparison
with the other values. The examples from Figure 3 are
used to illustrate the discussion with interactions identi-
fied by numbers, as described in Figure 3, and the target
protein residues identified by bold — notation IF would
refer to two residues from the target protein and FL to
one residue from the target and one from the template. In
calculating the interaction energy, one partner is always
from the target protein. Energy in all approximations
could be calculated for the entire extent of the alignment
between the two proteins, or only for the residues in the
core (defined earlier).
1. The correct self-threading energy, but calculated only
for target structure fragments having corresponding frag-
ments in the template protein with their entire interaction
environment. Interactions 1, 2, 3 and 5 (FV, TD, IA and
IF) present in the target protein are included. Only inter-
actions that are entirely within non-aligned fragments,
such as interaction 4 (AM), are omitted. This approxima-
tion tells us the extent of the structural similarity between
the template and the target.
2. The same as 1, but only interactions within structure
fragments aligned to the template protein were used.
Therefore, interaction 3 (IA) from Figure 3 is now
omitted. This approximation tells us the importance of the
interaction environment created by the structure frag-
ments omitted from the alignment.
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Figure 2
The difference between the burial energy of
the target sequence in its own structure (open
circles) and in the template structure (filled
triangles) for all 68 protein pairs. Structural
alignments were used as described in the text.
Protein pairs are ordered by their sequence
identity in the structural alignment (see
Table 3).
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Figure 3
An example of a structural alignment between
two proteins, with interacting residues
connected by lines above and below the
alignment. Some equivalent interactions, such
as 1′ (LL) in the template and 1 (FV) in the
target remain the same, others are shifted,
such as 2′ (FL) in the template and 2 (TD) in
the target.
                                0                     1′                       2′                                       5′
              __   ____________   ______              _____
             |  | |            | |      |            |     |
Template :  PLGEAALKGPMMKKEQAYSLTFTEAGTYLYSITPHP—--FMRGKVVVE
Target   :  GAEK--FKSKINE---NYVVTVTQPGAYDVKITPHYALMGMIALIAVF
                  |____________|  |_____|  |____|_|  |_____|
                         1           2        3  4      5    
3. Interactions are taken from the target protein, but inter-
action partners for residues from the target protein are
taken from the template protein according to the struc-
tural alignment. This approximation is based on the
assumption that the interaction environment doesn’t
change too much between target and template. This
approximation is ‘local’ — we don’t have to know the posi-
tions of the gaps to know the partners. Therefore, pair
interactions 1, 2 and 5 (FL+VL, TL+DT and IE+FR)
contribute to the interaction energy. In this approxima-
tion, the interaction is not self consistent and not symmet-
ric, and a mean of two contributions is added to the total
energy. This is the ‘wrong partners–correct interactions’
(WC) approximation.
4. Interactions from the template protein and the interac-
tion partners from the target protein are used, according to
the structural alignment, to calculate the energy. In this
calculation, interactions contributing to the energy would
be 1′, 2′ and 5′ (instead of 1, 2 and 5), with partners FV,
VD and IF. This approximation is self consistent and sym-
metric, but not local. Interactions used to calculate the
energy can be shifted with respect to the correct interac-
tions (thus, interaction 2′ from the template approximates
interaction 2 from the target, and the partners are VD,
instead of the correct TD). This is the ‘correct
partners–wrong interactions’ (CW) approximation.
5. Finally, both interactions (1′, 2′ and 5′) and interaction
partners from the template protein are used, i.e. partners
are FL+VL, VL+DF and IE+FR. Note that the interac-
tions are, again, not symmetric and not self consistent, but
the function is local. This is the ‘wrong partners–wrong
interactions’ (WW) approximation.
The correct energy as well as approximations 1–3 can be
calculated only if the experimental structure of the target
is known. Therefore all these energies are unknown for
genuine predictions and again can be estimated only using
models of the target structure obtained by comparative
modeling. Approximations 4–5 do not use target structural
information and can be calculated in the bona fide predic-
tion. 
Approximations 1 and 2 are introduced to analyze the
extent of target–template structural similarity. Approxima-
tion 3 is not particularly interesting (what’s the point in
using wrong partners once we know the correct structure).
All three approximations are included here only for the
sake of completeness and would not be used much in the
subsequent analysis.
Approximation 5 is equivalent to the frozen approximation
introduced to address the nonlocal character of the scoring
function in threading [5] and it is formally equivalent to
the approximations used in the PROSA [3] and 3D–1D
profile [2]. Threading methods based on Monte Carlo [7]
and branch and bound algorithms [11] work directly with
approximation 4, while several other methods, such as
two-dimensional dynamic programming [4], recursive
dynamic programming [10] and iterative thawing [5],
attempt to arrive at approximation 4 using approximation
5 as a starting point.
However, in any realistic prediction, energies equivalent
to these two approximations could be different from the
exact values calculated here, because the alignment
obtained without the knowledge of the target structure is
likely to contain errors. All other approximations require a
time-consuming modeling step [22,23] and, therefore, are
never used in actual fold predictions. They can, though,
be used in evaluating alignment strategies [23].
Comparison of two-body interaction energies in protein
pairs
Knowledge of the alignment allows us to calculate the
energy according to all approximations and to investigate
which of the approximations introduced in the threading
calculations produces the largest error. An example of such
a calculation is illustrated in Figure 4 for the two distantly
homologous glutaredoxin structures, one from bacterio-
phage T4 (PDB ID 1aba) and one from Escherichia coli
(PDB ID 1ego). As seen in Figure 4, the helices interact at
a slightly different angle despite the interaction region
between them having 10 common interactions (out of 12
in 1aba and 11 in 1ego). The interactions in this region are
equal to –1.8 e.u. for the 1aba sequence in its own struc-
ture and –1.3 e.u for the 1aba sequence in the 1ego struc-
ture (approximation 4). The sum of interactions for the
1aba sequence in the 1ego structure interacting with part-
ners from the 1ego structure (approximation 5) is –0.7 e.u.
Therefore, repacking effects can be estimated at 0.5 e.u.,
and the effects of sequence differences between the two
proteins add another 0.6 e.u. 
The results of similar calculations for all 68 protein pairs
from the UCLA-DOE benchmark are presented in
Figure 5, with the averages of contact energies using dif-
ferent approximations shown in Table 1. As seen from
these data, a similar situation (approximation 4 being
closer to the real energy than approximation 5) to that
shown above for the 1aba–1ego pair is seen for most of the
protein pairs.
There is almost no difference between the energy calcu-
lated for the whole target molecules and for only the
aligned fragments (real energy and approximations 1 and
2, data not shown for clarity, as differences would not be
visible on the scale of the figure). As seen from Table 1,
the calculations with correct partners, even using interac-
tion definitions taken from the template protein (approxi-
mation 4), give a better approximation of the correct
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Figure 4
The analysis of the similarity between two
glutaredoxin structures. The structural
alignment between the two proteins is shown
as shaded bars in the bottom part of the
figure, and as the superposition of the contact
maps [24] at the left of the figure. The
interaction region between N-terminal and 
C-terminal helices is denoted by a box on the
contact map and is circled on both ribbon
diagrams. Contacts present in only one
structure are shown as open circles (1aba) or
crosses (1ego), contacts present in both are
shown as filled circles.
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Figure 5
The difference in contact energy between the
actual self-threading energy and
approximations 4 and 5 for all 68 protein
pairs. Structural alignments were used as
described in the text. Open circles
correspond to the real energy, triangles to
approximation 4 and crosses to approximation
5. Protein pairs are ordered by their sequence
identity in the alignment (see Table 3).
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energy, differing on the average by only 0.033 e.u. per
residue from the self-threading energy, as compared to a
difference of 0.050 for correct contacts and wrong partners
(approximation 3) and 0.051 for wrong contacts and wrong
partners (approximation 5). Approximation 5, used as a
first step in most threading algorithms, is clearly the worst. 
While the specific values are different, the same general
picture is true for all types of structural alignments (see
Table 1). However, the energy parameters used in the
above calculations are balanced in such a way that the
mean interaction energy for a random system is equal to
zero [25]. Therefore, a mean interaction energy larger than
zero (see Table 1) means that the contribution from two-
body interactions is repulsive on the average. In this
respect, the differences between various alignments are
significant. It is only for contact overlap alignments that
the average interaction energy in approximation 4 is
attractive for the entire alignment.
As seen in Figure 5, the difference between approxima-
tions 5 and 4 (denoted as arrows in Figure 5) gets smaller
with increasing sequence identity, although the effect is
very subtle. Obviously, the difference will go down to zero
when the sequence identity is close to 100%. Again, there
is no clear division between homologous and nonhomolo-
gous proteins.
The next step in the analysis involves the issue of which
specific substitution patterns are responsible for the
observed differences. We can restate the results illustrated
in Figures 4 and 5 and Table 1 by saying that the mutation
pattern in proteins is cooperative, because energies for inter-
acting pairs are attractive only if both partners come from
the same sequence (target or template). The energies are
repulsive, on the average, if the partners are read from two
different proteins (one from template and one from target).
To find the specific interactions contributing to this effect,
we compared the relative numbers of same and oppositely
charged interacting residues in approximations 4 and 5 and
in a correct energy (Table 2). For correctly calculated
energy, the number of repulsive (two positive or two nega-
tive charges) interactions is less than half the number of
attractive interactions (ratio of 49/100). In approximation 5,
the two numbers become almost equal (ratio 96/100). In
approximation 4, this ratio is 62/100. One interpretation is
that in many equivalent interacting charged pairs there
was a correlated reversal of charges, thus a (+)(–) pair
mutated to (–)(+). Such a mutation would give an attrac-
tive interaction both in the real energy and in approxima-
tion 4, but would result in a repulsive energy (+)(+) +
(–)(–) in approximation 5. This effect, even as strong as
that, cannot account for the entire difference between
approximations 4 and 5 in Table 1, simply because there
are not enough charged pairs in the protein structures.
One could also compare the ratio of the number of interac-
tions between two hydrophobic or two polar residues
versus the number of interactions where one partner is
hydrophobic and the other is polar. In this case, the
homogenous interactions are more favorable and, indeed,
in the correct energy they dominate, with the ratio equal
to 249/100 (100 polar–hydrophobic interactions for 249
polar–polar or hydrophobic–hydrophobic interactions).
Both approximations lower this ratio (217/100 and 208/100
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Table 1
Average energy per residue in different approximations. 
Alignment method Aligned region Core region
1 2 3 4 5 2 3 4 5
RIGID –0.035 –0.033 0.022 0.004 0.020 –0.031 0.013 –0.003 0.010
MULALN –0.034 –0.032 0.025 0.008 0.024 –0.030 0.011 –0.004 0.010
STAMP –0.035 –0.032 0.017 0.003 0.013 –0.032 0.003 –0.007 0.000
GAPMC –0.037 –0.037 0.013 –0.004 0.014 –0.032 0.003 –0.011 0.001
The average values of contact energies in different approximations, for different types of structural alignments. Columns correspond to
approximations 1–5, as discussed in the text. Rows correspond to different alignment methods: RIGID [31], MULALN [32], STAMP [30] and GAPMC
[29], as introduced in the Materials and methods section.
Table 2
Ratio of the number of interactions between residues of the
same and opposite charge (hydrophobicity) in various
approximations.
Approximation Charge Hydrophobicity
(same/opposite) (same/opposite)
Self-energy 49/100 249/100
4 62/100 217/100
5 96/100 208/100
Interactions between residues of the opposite charge are attractive,
thus the ratio 49/100 signifies the larger number of attractive
interactions. The opposite is true for the interactions classified by the
hydrophobicity of the partners, where interactions between the like
(polar–polar and hydrophobic–hydrophobic) residues are attractive.
for approximations 4 and 5, respectively), but the differ-
ence is much smaller than previously. Clearly, fold-related
mutation restrictions conserve the general features of the
mutating residues. 
Figure 6 shows clearly that the biggest contribution to the
observed difference between approximations 4 and 5
comes from many small contributions and not from a few
large ones, such as charge reversal. Figure 6 shows contri-
butions to the total interaction energy coming from inter-
actions of various strengths. The area between the curve
and the zero axis is equivalent to the stabilizing energy
(area I) or to the destabilizing energy (area II). The total
energy of the system is equal to the difference between
the two. It is interesting to note that even for the correct
energy, most of the stabilization comes from small interac-
tions around –0.25 e.u. and not from strong attractive inter-
actions of –1.0 e.u and more. As seen in Figure 6, the
biggest differences between various approximations
appear in the center of area II, where the weak repulsive
interactions between 0.0 and 0.5 e.u can be found. It
means that the most of the differences between the correct
energy and approximations 4 and 5 can be explained by
the increase of the number of small repulsive interactions.
Discussion
The results presented here show that topologically similar
proteins are stabilized by mostly overlapping sets of inter-
actions. The overall percentage of interactions conserved
in such proteins ranges from 50 to 60%. This ratio is
higher by about 10–15% for nonlocal interactions and the
residues in the core. Accordingly, using an interaction
pattern from the template protein with the target’s own
sequence is a good approximation to the target’s own
energy. The difference, equal to ~ 60% of the stabilizing
energy coming from the residue–residue interaction, is
due to the repacking of the residues in the core. However,
it is crucial that the correct interaction partners are used.
By using interaction partners from the template protein in
approximations such as frozen approximation [3,5] or envi-
ronment classes [2], errors increase to the point that the
two-body interaction energy has no information. It is also
crucial that the right alignments are used. The contribu-
tion from pair interactions is attractive only for alignments
optimized for interaction pattern overlap.
The systematic differences between approximations 4 and
5 clearly show that mutations in proteins are correlated;
however, the effect is weak and seen clearly only for aver-
ages calculated for large protein sets. Such well-known
cases as ion pair reversal account for only a small percent-
age of the overall energy difference between approxima-
tions. Most of the effect comes from small shifts in
interaction energy preferences, where a weakly attractive
pair is changed to a weakly repulsive one. Interestingly,
this usually happens without changes to the overall char-
acteristic of the residue, such as its polar or hydrophobic
character or secondary structure preference.
The results presented here offer at least two possible ways
of improving the sensitivity of threading calculations. One
is to move beyond the frozen approximation and use a
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Figure 6
Contributions to the total interaction energy in
the set of 68 protein pairs studied in this work
coming from interactions of various strengths
in different approximations: 2 (solid line), 4
(short-dashed line) and 5 (long-dashed line).
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Table 3
Protein pairs from the PDB.
No. PDB ID Idt Hom Description
1 1stfI:1molA 8 ? papain:berry sweet-tasting protein
2 1cewI:1molA 10 ? chicken proteinase inhibitor cystatin:berry sweet-tasting protein
3 2azaA:1paz_ 11 Yes azurin:pseudoazurin
4 1bgeB:1gmfA 12 Yes canine granulocyte colony-stimulating factor:human granulocyte-macrophage colony-stimulating factor
5 2sarA:9rnt_ 12 Yes ribonuclease sa (E.C.3.1.4.8):ribonuclease t=1= (E.C.3.1.27.3)
6 2sim_:1nsbA 12 Yes salmonella sialidase (neuraminidase) (E.C.3.2.1.18):influenza neuraminidase (E.C.3.2.1.18)
7 2hhmA:1fbpA 13 Yes human inositol monophosphatase (E.C.3.1.3.25):pig fructose-1,6-bisphosphatase (E.C.3.1.3.11)
8 1dsbA:2trxA 13 ? escherichia coli disulfide bond formation protein:escherichia coli thioredoxin
9 1cid_:2rhe_ 13 ? t-cell surface glycoprotein cd4:bence-*jones protein
10 1aep_:256bA 14 ? african locust apolipophorin iii:escherichia coli cytochrome b562
11 1sacA:1ayh_ 14 ? human serum amyloid p component:hybrid glucanohydrolase (E.C.3.2.1.73) from two strains of bacillus
12 1mup_:1rbp_ 14 ? mouse major urinary protein:human retinol binding protein
13 3chy_:4fxn_ 14 ? escherichia coli signal transduction protein che*y:flavodoxin
14 1tie_:4fgf_ 14 ? erythrina trypsin inhibitor (kunitz):basic fibroblast growth factor 
15 2snv_:4ptp_ 15 ? sindbis virus capsid protein:beta trypsin (E.C.3.4.21.4)
16 1atnA:1atr_ 15 ? bovine deoxyribonuclease i:heat-shock cognate 70 kd protein (E.C.3.6.1.3) 
17 3hlaB:2rhe_ 15 ? human class i histocompatibility antigen:bence-*jones protein
18 2mtaC:1ycc_ 15 ? paracoccus denitrificans methylamine dehydrogenase:baker’s yeast cytochrome c
19 1lgaA:2cyp_ 16 Yes white rot basidiomycete lignin peroxidase:baker’s yeast cytochrome c peroxidase
20 1isuA:2hipA 16 Yes phototrophic bacteria high-potential iron-sulfur protein:photosynthetic bacterium hpis
21 1mioC:1minB 16 Yes nitrogenase molybdenum-iron protein:azotobacter vinelandii nitrogenase molybdenum-iron protein
22 2gbp_:2liv_ 16 Yes glucose binding protein:leucine/isoleucine/valine-binding protein
23 1tahA:1tca_ 16 Yes pseudomonas glumae lipase (E.C.3.1.1.3):yeast lipase (E.C.3.1.1.3)
24 1omf_:2por_ 17 Yes escherichia coli ompf porin:rhodopseudomonas capsulata porin
25 1ak3A:1gky_ 17 Yes bovine adenylate kinase (E.C.2.7.4.10):baker’s yeast guanylate kinase (E.C.2.7.4.8)
26 1cpcA:1colA 17 ? cyanobacterium c-phycocyanin:escherichia coli colicin *a
27 1crl_:1ede_ 17 ? fungus lipase (E.C.3.1.1.3):xanthobacter autotrophic haloalkane dehalogenase (E.C.3.8.1.5)
28 1gp1A:2trxA 17 ? bovine glutathione peroxidase (E.C.1.11.1.9):escherichia thioredoxin
29 2sas_:2scpA 17 Yes amphioxus sarcoplasmic calcium-binding protein:sandworm scabp
30 1ten_:3hhrB 18 ? human third fibronectin type iii repeat:human growth hormone receptor
31 3rubL:6xia_ 18 ? tobacco rubisco carboxylase/oxygenase (E.C.4.1.1.39):streptomyces albus xylose isomerase (E.C.5.3.1.5)
32 1fxiA:1ubq_ 18 ? blue-green alga ferredoxin i:human ubiquitin
33 2mnr_:4enl_ 18 ? pseudomonas putida mandelate racemase (E.C.5.1.2.2):baker’s yeast enolase (E.C.4.2.1.11)
34 2hpdA:2cpp_ 18 Yes bacillus megaterium cytochrome p450:pseudomonas putida cytochrome p450cam
35 2pia_:1fnr_ 18 ? phthalate dioxygenase reductase (E.C.1.18.1.):ferrodoxin (E.C.1.18.1.2)
36 8i1b_:4fgf_ 18 ? mouse interleukin 1-*beta:human basic fibroblast growth factor
37 1cauB:1cauA 18 Yes canavalin domain a:canavalin domain b
38 1gal_:3cox_ 18 Yes aspergillus niger glucose oxidase (E.C.1.1.3.4):brevibacterium sterolicum cholesterol oxidase (E.C.1.1.3.6)
39 1afnA:1aozA 19 Yes alcaligenes faecalis nitrite reductase (E.C.1.7.99.3):zucchini ascorbate oxidase (E.C.1.10.3.3)
40 1ltsD:1bovA 19 Yes porcine heat-labile enterotoxin:escherichia coli verotoxin-1
41 1hom_:1lfb_ 19 ? escherichia coli homeodomain protein:rat ranscription factor lfb1
42 1hip_:2hipA 19 Yes chromatium vinosum oxidized high potential iron protein:ectothiorhodospira halophila hpip
43 1fc1A:2fb4H 19 Yes human fc fragment:human immunoglobulin fab
44 4sbvA:2tbvA 19 Yes southern bean mosaic virus coat protein:tomato bushy stunt virus coat protein
45 1dxtB:1hbg_ 19 Yes human hemoglobin:marine bloodworm hemoglobin
46 1chrA:2mnr_ 20 Yes chloromuconate cycloisomerase:mandelate racemase
47 1bbt1:2plv1 20 Yes foot-and-mouth disease virus:poliovirus 
48 1arb_:4ptp_ 20 Yes achromobacter protease i (E.C.3.4.21.50):beta trypsin (E.C.3.4.21.4)
49 1npx_:3grs_ 20 ? nadh peroxidase (E.C.1.11.1.1):human glutathione reductase (E.C.1.6.4.2)
50 1bbhA:2ccyA 21 Yes chromatium vinosum chromatium vinosum:cytochrome c
51 1mdc_:1ifc_ 21 Yes tobacco hornworm fatty acid binding protein:rat fatty acid binding protein
52 2sga_:4ptp_ 21 Yes proteinase a:beta trypsin
53 5fd1_:2fxb_ 21 Yes ferredoxin:ferredoxin
54 1aba_:1ego_ 21 Yes bacteriophage t4 glutaredoxin:escherichia coli glutaredoxin 
55 1eaf_:4cla_ 21 Yes dihydrolipoyl transacetylase E.C.2.3.1.12:chloramphenicol acetyltransferase E.C.2.3.1.28
56 1rcb_:1gmfA 21 ? human interleukin 4:human granulocyte-macrophage colony-stimulating factor
57 2fbjL:8fabB 22 Yes mouse ig*a fab fragment:human fab fragment
58 1pfc_:3hlaB 22 ? guinea pigig*g1:human class i histocompatibility antigen
59 2cmd_:6ldh_ 23 Yes malate dehydrogenase:lactate dehydrogenase
60 1c2rA:1ycc_ 23 Yes cytochrome c:cytochrome c
61 1osa_:4cpv_ 24 Yes calmodulin:parvalbumin
62 1hrhA:1rnh_ 24 Yes hiv ribonuclease h domain:escherichia coli ribonuclease h
self-consistent interaction environment during the align-
ment phase. Unfortunately, in such calculations, the
scoring function is no longer local to the sequence, which
prohibits the use of efficient dynamic programming align-
ment algorithms. Two-dimensional dynamic program-
ming, branch and bound enumeration, Monte Carlo and/or
genetic algorithm minimization are among the possible
solutions already being used by different groups. Results
presented here give a strong rationale for why this is
indeed necessary.
The second possibility is to change the interaction defini-
tion or the energy parameters in such a way that the differ-
ences between approximations 2–5 wouldn’t be so
dramatic. The apparent advantage of distance-dependent
over contact-based interactions in threading calculations
[26] could be explained by this effect. With well-defined
tests such as those performed here, it would be relatively
quick and easy to try different interaction definitions and
parameters to search for an energy description that would
minimize the difference between various assumptions.
Materials and methods
Database of structurally similar proteins
The set of 68 pairs of proteins with similar overall structure, but with
sequence similarity <30% identical residues within each pair, was
adopted from a study of structural similarities within the PDB [27]. The
same set is used as a benchmark for fold recognition algorithms at the
UCLA-DOE Laboratory of Structural Biology [28]. The full list of all
pairs is available from the UCLA fold recognition WWW page [28] and
is listed in Table 3. The range of sequence identity within the set
ranges from 8% to 30%, and about half the pairs can be classified as
obviously homologous. As discussed in the Results section, obviously
homologous proteins included proteins with identical or similar (as
judged by the E.C. classification for enzymes or a simplified description
from Medline abstracts for other proteins) functions or sequence simi-
larity that can be identified in a BLAST search. All other proteins were
classified into the not obviously homologous (NOH) category.
Structural alignments
Structure-based alignments were prepared for each pair using a
contact map based alignment algorithm [29]. Alternative structural
alignments were also prepared with the Cα RMSD based alignment
algorithms of STAMP [30], RIGID [31] and MULALN [32]. Unless specifically
mentioned, the contact map based alignments were used in most of
the subsequent analyses. All structural alignments programs are pub-
licly available, either from their original authors (STAMP package) [30] or
from the authors’ WWW page (http://www.scripps.edu/ or directly at
http://cape6.scripps.edu/server/). The complete set of structural align-
ments used in this paper is also available via the authors’ WWW page.
Energy calculations
In the topology fingerprint threading algorithm [5], the energy of a
system is calculated as:
The first term represents local energy based on structural features such
as the burial status and secondary structure. The local structure
descriptor ΓiA originally described only the burial status of the position
[5], but here it includes also the secondary structure in a three-state
(H,E,C) description. The local energy depends only on the identity of
the residue on a given position. The second energy term (a sum over all
pairs in the structure) describes the two-body interaction energy, which
depends on the identity of both interacting residues. When contact
information Cij
A is used to calculate the energy of the residue at position
i, the identity of the residue at position j is not known, due to the
unknown number of gaps/insertions in the alignment. The detailed
description of the frozen approximation is given in the original publica-
tion [5]. The three-body interaction term (the third term in equation 1)
was not used in the calculations described in this work.
Energy parameters
Parameters used in the calculations were adopted from the threading
program [5]. As discussed elsewhere [25], this parameter set repre-
sents a group of parameters where one-body and two-body interac-
tions are separated and must be included separately in energy
calculations (equation 1). The two-body interaction parameter set is
balanced, i.e. the mean value of the pair interaction in a packed system
with phase separation between hydrophobic and polar residues is zero.
Both one-body and two-body interaction sets are available from the
authors’ WWW pages.
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